The purpose of this study was to investigate the effects of localized muscle fatigue and whole body fatigue on postural control during single-leg stance after impairment induced by heel raise and the Harvard step test. Thirty-eight university students (19 men: age, 20 ) were participated in this study. Subjects performed a series of single-leg postural tasks prior to, following, and 24 hours after completing: heel raise or the Harvard step test. This study showed that the root mean squared distance and velocity in the anteroposterior and mediolateral planes of the center of pressure decreased significantly due to heel raise exercise-induced fatigue. Furthermore, the root mean squared distance in the anteroposterior and mediolateral planes, and the 95% confidence ellipse area of the center of pressure also decreased significantly 24 hours after completing the Harvard step test. In conclusion, this study showed that both heel raise exercise-and Harvard step exercise-induced fatigue affects postural control during single-leg stance in AP and ML planes. Furthermore, this study suggests that changes in the postural control strategy may have occurred after the fatigue protocols during single-leg stance. Also vision can attenuate the postural deficits associated with the fatigues. In order to clarify these results, further studies using other equipment and variables are necessary.
I. Introduction
Postural control is maintained by the dynamic integration of internal and external forces (Massion, 1994; Yaggie & McGregor, 2002) , which involves harmonious control of the musculoskeletal, visual, vestibular, and somatosensory systems (Hall & Brody, 1999; Shumway-Cook & Woollacott, 2000) . For the assessment of the postural control, the force platform is primarily utilized, and the center of pressure (COP) is determined to quantify body sway (Winter, 1995) . The COP assessments have been used to investigate changes in postural control in a variety of healthy and special populations (Dolye, Hsiao-Wecksler, Ragan, & Rosengren, 2007) . The single-leg stance is used as a clinical and experimental tool to assess static postural control in various groups (Bohannon & Leary, 1995; Frzovic, Morris, & Vowels, 2000) , since this stance is required to perform many everyday motor tasks, including turning, climbing stairs, and walking (Jonsson, Seiger, & Hirschfeld, 2004) .
Measurement of postural control is one approach to quantify neuromuscular control (Gribble & Hertel, 2004b) . Fatigue has been shown to have an adverse effect on neuromuscular control (Gribble & Hertel, 2004a) . Moreover, fatigue and postural control deficits can lead to musculoskeletal injury (Gribble & Hertel, 2004b) . This increased postural sway can increase the risk of musculoskeletal injuries such as ankle sprain (Christina, White, & Gilchrist, 2001; Letafatkar, Alizadeh, & Kordi, 2009; Rozzi, Lephart, Gear, & Fu, 1999; Urabe et al., 2005) .
Muscle fatigue relates to a decline in performance during high-intensity exercise. The fatigue-induced changes in per-formance include reduced force production, decreased shortening velocity, and slowed relaxation (Allen & Westerblad, 2001 ). Factors contributing to muscle fatigue are divided largely into 2 groups: the central factor generates fatigue as a result of the disordering of neuromuscular transmission between the central nervous system and the muscular membrane, whereas the peripheral factor leads to alteration within the muscle (Giannesini, Cozzone, & Bendahan, 2003) . Muscle fatigue depends on the type of exercise and its various causes, and its behavior is based on the manner in which it is induced (Giannesini et al., 2003; Letafatkar et al., 2009) .
Many researchers have examined the relationship between lower leg muscle fatigue and COP sway (Adlerton & Moritz, 1996; Cobeil, Blouin, Bégin, Nougier, & Teasdale, 2003; Gribble & Hertel, 2004a , 2004b Shin & Youm, 2011; Yaggie & McGregor, 2002; Youm & Kim, 2012) . Lundin, Feuerbach, and Grabiner (1993) studied how postural control during single-leg stance was affected by plantar flexor and dorsiflexor fatigue in 8 healthy men, and found that both mediolateral and anteroposterior sway increased significantly. Similarly, Yaggie and McGregor (2002) investigated how postural control during single-leg stance was impacted by plantar flexor and dorsiflexor fatigue in 24 healthy men, and reported that mediolateral sway increased significantly. Gimmon, Riemer, Oddsson, & Melzer (2011) reported that localized plantar flexor fatigue caused impairment to postural control in the sagittal plane. Lin et al. (2009) investigated that acute effects of fatigue location and age on changes in postural control induced by localized muscle fatigue, and resulted that the acute effects of fatigue differed between joints. And ankle joint fatigue resulted in significant effects on postural control.
On the other hand, Adlerton and Moritz (1996) examined the effect of calf muscle fatigue on postural control during single-leg stance and found no significant reduction. Gribble and Hertel (2004a) studied the effects of ankle, knee, and hip joint fatigue on postural control during single-leg stance in 4 men and 10 women, and reported that localized muscle fatigue in the anteroposterior plane affected the postural control of the lower limbs. In another study by Gribble and Hertel (2004b) , which examined the effects of hip and ankle muscle fatigue on postural control during single-leg stance in 4 men and 9 women, they discovered that hip muscle fatigue affected postural control in the anteroposterior and mediolateral planes but ankle muscle fatigue did not produce any significant effect. Although most investigations concluded that ankle muscle fatigue negatively affects postural control; however, some studies reported no changes in postural control after fatigue of the ankle muscles, which may be due to a differences of methods and protocols (Adlerton & Moritz, 1996; Gribble & Hertel, 2004b ). In addition, some studies have been conducted on the effects of peripheral localized muscle fatigue on postural control using an isokinetic dynamometer; however, studies focusing on the differences in the types of exercise-induced fatigue, such as a comparison of the effects of heel raise and the Harvard step test on functional movements, rarely have been performed. In addition, the effect of post-fatigue recovery on postural control has been poorly documented.
Therefore, the purpose of this study was to investigate the effects of localized muscle fatigue and whole body fatigue on postural control during single-leg stance after impairment induced by heel raise and the Harvard step test in healthy university students. ) in sports-related departments participated in this study. None of the subjects presented with any history of injury of the lower limb that could affect their ability to perform the experiment. Informed consent was obtained from each participant after the purpose of the study and its procedures was explained.
II. Methods

Participants
Experimental procedures
Subjects participated in 2 experimental sessions, separated by approximately 1 week, and were asked to refrain from performing physical exercise and to maintain their regular daily activity level during the study period. During each session, subjects performed a series of single-leg postural tasks prior to, following, and 24 hours after completing 1 of 2 randomly ordered conditions: heel raise or the Harvard step test.
All single-leg postural trials lasted above 70 seconds immediately following each condition, with the patients' eyes open on the platform (Figure 1 ). During the stance, subjects were instructed to stand barefoot with their preferred leg, with arms crossed at their chest and the knee of the opposite leg in a flexed position, and to visually fixate on the target in front of them. Subjects were instructed to sway as little as possible while single-leg standing.
Fatigue protocol
The fatigue protocol involved a heel raise and the Harvard step test (Figure 2 ). The heel raises were performed on a board with an approximately 10° posterior slope in order to increase the subjects' range of motion. Subjects were . A single investigator monitored the performance of the heel raises and the Harvard step test to ensure subjects maintained control during all phases.
Termination of the exercise was determined as the time when the subject was unable to perform throughout the full range of motion, to maintain the established cadence, or when the subject ceased exercise volitionally(American College of Sports Medicine [ACSM], 2006; Springer & Pincivero, 2009; Vuillerme, Burdet, Isableu, & Demetz, 2006) . Verbal encouragement was provided during all tests that provoked muscle fatigue. To investigate the exercise intensity of each subject, their heart rate was measured with a Polar heart rate monitor (Polar Electro OY, Finland).
Data analysis
A force platform (AMTI, USA) was used to measure the displacements of the COP during the single-leg stance trials. The COP data were sampled at 100 Hz and filtered using a fourth-order Butterworth, zero-phase, low-pass filter, with a 10-Hz cut-off frequency. To remove any initial sway that could have occurred under the experimental conditions, the data from 10 seconds to 70 seconds after the start sign were analyzed (Dolye et al., 2007; Raymakers, Samson, & Verhaar, 2005) . The validity and reliability of force platform measurements for stance stability have been reported previously (Hageman, Leibowitz, & Blanke, 1995) . Intraclass correlation coefficients revealed high test-retest reliability for measurements of sway (ICCs>0.90; Hageman et al., 1995) .
COP data were used to calculate 5 postural variables: the area of the 95% confidence ellipse(1)(in cm 2 ), the mean velocity in the AP and ML planes(2, 3)(in cm/s), and the mean distance of the root mean square (rms) in the AP and ML planes(4, 5)(in cm). These variables have been assessed in postural control studies and have demonstrated good validity and reliability (Ruhe, Fejer, & Walker, 2010) .
Statistical analysis
Two-way analysis of variance for repeated measurements was used to assess the effects of the time factors (prior to, following, and 24 hours after completing heel raise or the Harvard step test) and the fatigue protocol factors (heel raise and the Harvard step test) on the postural variables. Oneway analysis of variance for repeated measurements was performed to assess the effects of the time factors on the postural variables. Post-hoc tests were used, when appropriate, using Bonferroni test and paired t-test. The level of significance was set at .05.
III. Results
Results of fatigue protocol
The results of fatigue protocol are provided in Table 1 . The performed heel raise and the Harvard step test demonstrated significant differences for the exercise duration and maximum heart rate. Therefore, this result showed that their's movement characteristics were different.
COP 95% ellipse area
The results for all the COP measurements are provided in Table 2 . The 95% ellipse area results revealed a significant main effect of fatigue (F 1,37 =3.623, p=.032) and an interaction effect of fatigue and time (F 1,37 =4.706, p=.012; Figure 3) . The 95% ellipse area 24 hours after completing the fatigue protocol was smaller than that prior to performing the fatigue protocol (F 2,111 =3.677, p=.028), according to the results of the post-hoc test of the Harvard step test. The 95% ellipse area of the Harvard step test was significantly greater than that of the heel raise (t 37 =2.320, p=.026), according to the results of the paired t-test at the post.
COP rms distance
The AP rms distance results showed a significant main effect of fatigue (F 1,37 =4.749, p=.011) and an interaction effect of fatigue and time (F 1,37 =4.565, p=.014; Figure 4 ). The AP rms distance following the fatigue protocol was smaller than that prior to performing the fatigue protocol (F 2,111 =3.181, p=.045), according to the results of the posthoc test of the heel raise. Furthermore, the AP rms distance 24 hours after completing the fatigue protocol was smaller than that prior to performing the fatigue protocol (F 2,111 =3.779, p=.026), based on the results of the post-hoc test of the Harvard step test. The AP rms distance of the Harvard step test was significantly greater than that of the heel raise (t 37 =2.841, p=.007), according to the results of the paired t-test at the post. The ML rms distance results revealed a significant interaction effect of fatigue and time (F 1,37 =22.609, p=.000; Figure 5 ). The ML rms distance following the fatigue protocol was smaller than that prior to and 24 hours after completing the fatigue protocol (F 2,111 =6.145, p=.003), according to the results of the post-hoc test of the heel raise. In addition, the ML rms distance 24 hours after completing the fatigue protocol was smaller than that prior to and following the fatigue protocol(F 2,111 =6.977, p=.001), based on the results of the post-hoc test of the Harvard step test. According to the results of the paired t-test, the ML rms distance of the Harvard step test was significantly greater than that of the heel raise(t 37 =5.383, p=.000) at the Post, while the AP rms distance of the Harvard step test was significantly smaller than that of the heel raise(t 37 =3.385, p=.002) at the 24hrs.
COP velocity
The AP velocity results showed a significant main effect of time (F 1,37 =13.390, p=.001), main effect of fatigue (F 1,37 =4.574, p=.013), and interaction effect of fatigue and time (F 1,37 =24.081, p=.000; Figure 6 ). The AP velocity following the fatigue protocol was smaller than that prior to and 24 hours after completing the fatigue protocol (F 2,111 =5.476, p=.005), based on the results of the post-hoc test of the heel raise. The AP velocity of the Harvard step test was significantly greater than that of the heel raise, according to the results of the paired t-test at the Pre (t 37 =3.756, p=.001) and the Post (t 37 =6.133, p=.000).
The ML velocity results revealed a significant main effect of time (F 1,37 =5.201, p=.028), main effect of fatigue (F 1,37 =4.713, p=.012), and interaction effect of fatigue and time (F 1,37 =18.846, p=.000; Figure 7 ). The ML velocity following the fatigue protocol was smaller than that prior to performing the fatigue protocol (F 2,111 =4.403, p=.014), according to the results of the post-hoc test of the heel raise. The ML velocity of the Harvard step test was significantly greater than that of the heel raise (t 37 =5.589, p=.000), according to the results of the paired t-test at the post.
IV. Discussion
The purpose of this study was to investigate the effects of localized muscle fatigue and whole body fatigue on postural control during single-leg stance after impairment induced by heel raise and the Harvard step test in healthy university students.
The International Society for Posture and Gait Research (ISPGR) suggests using the rms distance and velocity in the AP and ML planes of the COP to evaluate postural control by using the COP trajectory of the ground reaction force system (Kapteyn et al., 1983) , whereas current studies investigating postural control with COP used the 95% confidence ellipse area more frequently than other time domain variables (Dolye et al., 2007; Prieto, Myklebust, J. B, Hoffmann, Lovett, & Myklebust, B. N., 1996; Youm & Kim, 2012; Rocchi, Chiari, & Cappello, 2004) . Therefore, the COP variables in this study were limited to AP and ML rms distance, AP and ML velocity, and 95% confidence ellipse area.
The major findings of this study were that heel raise exercise-induced fatigue affected the rms distance and velocity in the AP and ML planes of the COP, and that these variables decreased significantly following the fatigue protocol (Youm & Kim, 2012) . Furthermore, we observed that Harvard step exercise-induced fatigue affected the rms distances in the AP and ML planes and the 95% confidence ellipse area of the COP, and that these variables decreased significantly 24 hours after completing the fatigue protocol. Yaggie and McGregor (2002) measured postural control during single-leg stance after plantar flexor and dorsiflexor fatigue in 24 healthy men, and reported that isokinetic fatigue significantly increased the sway parameters. Gribble and Hertel (2004a) examined the effects of ankle, knee, and hip joint fatigue on postural control during single-leg stance in 4 men and 10 women, and showed that fatigue of the knee and hip muscles led to significantly greater velocity of the COP in the ML plane, whereas fatigue of the ankle muscle did not. They also reported that the AP factors were affected by fatigue of the ankle, knee, and hip muscles. Gimmon et al. (2011) measured postural control during upright stance after the ankle plantar flexor contractions as possible until exhaustion, in 3 men and 7 women, reported that localized plantar flexor fatigue caused impairment to postural control in the sagittal plane. As such, a decrease in performance could be related to fatigue affecting the proprioceptive feedback from afferent pathways (Gimmon et al., 2011) .
In addition, Gribble and Hertel (2004b) investigated the effects of hip and ankle muscle fatigue on postural control during single-leg stance in 4 men and 9 women, and found that fatigue of the hip muscle led to significantly greater velocity of the COP in the AP and ML planes, whereas fatigue of the ankle muscle did not significantly impair postural control in either plane. According to Springer and Pincivero (2009) , who studied the effects of localized muscle and whole-body fatigue on balance during single-leg stance in 10 men and 10 women, both localized muscle fatigue and whole-body fatigue produced significant increases in ML and total sway. Total sway increased more significantly following the localized muscle fatigue protocol than after the whole-body fatigue protocol. Their results were somewhat different than the results of this study.
The increased COP variables generally were interpreted as decreased stability or poor postural control (Adlerton, Moritz, & Moe-Nilssen, 2003; Cobeil et al., 2003; Raymakers et al., 2005; Prieto et al., 1996) . However, the variables that were reduced significantly after heel raise (following the fatigue protocol) and the Harvard step test (24 hours after completing the fatigue protocol), unlike the previous results (Gribble & Hertel, 2004a; Gribble & Hertel, 2004b , Shin & Youm, 2011 Springer & Pincivero, 2009; Yaggie & McGregor, 2002; Youm & Kim, 2012) . Adlerton et al. (2003) examined the effects of heel raise fatigue on postural control during single-leg stance in 23 healthy women, and found that the COP velocity and frequency decreased significantly. According to the results of this study, the reduction in most COP variables after the fatigue protocols can be interpreted as a change in the postural control strategy from ankle to hip, which is similar to the conclusions determined by Adlerton et al. (2003) , and Panzer, Bandinelli, and Hallett (1995) . Generally, there are 2 common strategies for control of body sway during standing: the ankle strategy and the hip strategy (Winter, 1995) . Under normal circumstances, the ankle strategy is effective in maintaining static standing and responding to a small sway, but, when the muscle around the ankle experiences fatigue, posture is regulated by relying on the muscle around the hip joint; this is called the hip strategy. On the other hand, if the muscle around the hip joint experiences fatigue, the opposite situation occurs, which is called the ankle strategy (Bizid et al., 2009; Gribble & Hertel, 2004a) . Therefore, single-leg stance is controlled by a combination of the ankle and hip strategies (Bisson, McEwen, Lajoie, & Bilodeau, 2011; Riemann, Myers, & Lephart, 2003) . Some have questioned whether COP measurements are valid indicators of postural control (Adlerton et al., 2003; Winter, 1995; Moe-Nilssen, 1998 ) because changes in the COP trajectory are not always accompanied by corresponding changes in the position of the COM. Thus, this study suggests that changes in the postural control strategy may have occurred after the fatigue protocols during single-leg stance.
Corrective contractions in response to small sways are occurring constantly. However, fatigue slows neural transmission due to the reduced ability to efficiently create compensatory contractions about a joint. A larger variability in joint motion due to the lack of corrective muscle actions can result in diminished postural control ability (Gribble & Hertel, 2004a) . In addition, when postural sway occurs at each joint, fatigue possibly can inhibit the ability of the surrounding muscles to react to small sways (Gribble & Hertel, 2004a) . For example, when the ankle muscle becomes fatigued, it is possible that afferent conduction velocities still remain constant in response to perturbation. Although efferently signaled compensatory contractions are reduced due to the induced fatigue, the afferent conduction rate is not reduced by responding to the sway. A lack of compensatory contraction at the ankle tends to reduce the rms and velocity of the COP (Gribble & Hertel, 2004a) . Therefore, ankle muscle fatigue reduces COP rms and velocity, similar to the results seen in this study after completing the fatigue protocols (Youm & Kim, 2012) . Vuillerme, Burdet, Isableu, & Demetz (2001) showed that, to some extent, vision can compensate for muscle fatigue of the calf muscles. Therefore, the availability of vision allowed the subjects in this study to immediately cope with the destabilizing effect induced by muscle fatigue. Moreover, Bission et al. (2011) reported that a decrease in ankle proprioception may not be sufficient to affect sway velocity when vision is available. Consequently, vision can attenuate the postural deficits associated with fatigue of the ankle plantar flexors. In this study, the reliance on vision was possible because subjects were tested with their eyes open.
Interestingly, in this study, heel raise exercise-induced fatigue reduced the COP variables; however, there was no significant increase in the variables due to Harvard step exercise-induced fatigue. In addition, Harvard step exercise-induced fatigue decreased 24 hours after completing the fatigue protocol. As in previous studies, the effects of heel raise exercise-induced fatigue in this study were shortlived (Adlerton et al., 2003; Bisson et al., 2011; Yaggie & McGregor, 2002) . However, Harvard step exercise-induced fatigue in this study was different; the effects not only were observed immediately following the protocol, but also were seen 24 hours later. Therefore, it is believed that there is specificity in the process of treating exercise-induced fatigue (Cairns, Knicker, Thompson, & Sjøgaard, 2005; Enoka & Stuart, 1992; Bigland-Ritchie, Rice, Garland, & Walsh, 1995) .
V. Conclusion
The purpose of this study was to investigate the effects of fatigue and recovery on postural control during single-leg stance after impairment induced by heel raise and the Harvard step test in healthy university students. The findings of this study indicated that heel raise exercise-induced fatigue affected the rms distance and velocity in the AP and ML planes of the COP, and that these variables decreased significantly following the fatigue protocol. We also observed that Harvard step exercise-induced fatigue affected the rms distance in the AP and ML planes, and the 95% confidence ellipse area of the COP, and that these variables decreased significantly 24 hours after completing the fatigue protocol. In conclusion, this study showed that both heel raise exercise-and Harvard step exercise-induced fatigue affects postural control during single-leg stance in AP and ML planes. Furthermore, this study suggests that changes in the postural control strategy may have occurred after the fatigue protocols during single-leg stance. Also vision can attenuate the postural deficits associated with the fatigues. In order to clarify these results, further studies using other equipment and variables are necessary.
